Purpose-We performed a comprehensive comparative study of the plan quality between volumetric modulated arc therapy (VMAT) and intensity-modulated radiation therapy (IMRT) for the treatment of prostate cancer.
INTRODUCTION
Intensity-modulated radiation therapy (IMRT) is a commonly used method to treat prostate cancer. In IMRT, multiple beam angles are used and the intensity of each beam can be modulated by using multileaf collimators (MLCs), enabling the creation of complex yet highly conformal dose profiles. Volumetric modulated arc therapy (VMAT) has attracted increasing attention because of its greatly improved delivery efficiency over fixed-field IMRT. Unlike IMRT, which typically includes less than 10 fixed-field beam angles, VMAT includes a large number of beam directions from an arc trajectory and delivers doses dynamically during rotation of the gantry. From each direction, however, there is no beam modulation by the MLCs so the intensity from each beam direction is uniform in VMAT (1) . While in some situations more than one arc is used in VMAT, the level of modulation from each beam direction is still much lower than that from each beam in fixed-field IMRT.
VMAT has been previously compared with IMRT for various types of cancer at different sites . Although it has been well established that VMAT results in improved delivery efficiency over IMRT , it is still unclear whether VMAT also generates a better plan quality than IMRT for prostate cancer treatment planning (3, 5, 10, 12, 13, 16, 17) , as shown in table 1. All these studies employed 5-9 fixed gantry fields in IMRT and one or more full arcs in VMAT. As contradictory results from these studies suggest, there is still inconclusiveness about whether VMAT generates better plan quality than IMRT for prostate cancer radiation therapy. Besides, little detail was found in the published literatures on the time and effort spent in the inverse planning process or how the quality of the IMRT and VMAT plans are controlled, which strongly affects the planning outcomes and hence the plan quality comparison result.
In the current study, we found that, when the plan qualities of both modalities were optimized to the best that we can achieve, VMAT generally had a superior plan quality compared to 8-beam IMRT with our institution's standard 8-beam configuration (see Results section). However, intuitively, increased number of beam directions brings increased intensity modulations and therefore an improvement in IMRT plan quality. To our knowledge, the plan quality of VMAT has not been compared to that of IMRT when more than 9 fields are used. Furthermore, it has yet to be determined if, as the number of gantry angles used in IMRT increases, there exists a point beyond which having more modulation offsets having fewer beam directions, so that IMRT could generate a better quality plan than VMAT. Bortfeld explored this general question mathematically and found that the maximum required number of beams for IMRT is proportional to the radius of the tumor (11) . It was claimed that using more beams beyond this limit will not improve the plan quality. However, since their derivations were based on a strongly simplified model, the result was much approximated and was not examined in real patients. Here, we explore this question and look for a real-world solution in the context of prostate cancer treatment planning.
In this study, using an in-house-developed automatic inverse planning (AIP) algorithm, a comprehensive comparative treatment planning study of VMAT and IMRT was performed. Specifically, we compared the plan quality of VMAT to that of IMRT with 8, 12, 16, 20, and 24 fixed gantry fields to obtain a better understanding of the effect of the number of beam directions and the level of modulation on plan quality.
METHOD AND MATERIALS

Patients
Computed tomography data sets of 11 patients with prostate cancer who were treated with IMRT in our institution between 2009 and 2010 were randomly selected for this institutional review board approved study. The planning target volume (PTV) was defined as the prostate and the proximal seminal vesicles (n = 8), or the prostate and the entire seminal vesicle (n = 3) with a margin of 5 mm posterior and 7 mm in other directions. For all patients, the prescribed dose was 76 Gy delivered in 38 fractions. The rectum tolerance is 70 Gy covering less than 25% of the volume, the 90% isodose line falls wthin the half width of rectum, and the 50% isodose line falls within the full width of the rectum. For the bladder, 65 Gy and 40 Gy have to cover less than 25% and 50% of the volume, respectively. The femoral heads are limited to receive 50 Gy in less than 10% of the volume (24) .
Automatic Inverse Planning (AIP) algorithm
To generate VMAT and IMRT plans for each patient, we used the AIP algorithm which was implemented in the Pinnacle 3 v9.0 treatment planning system (Philips Nuclear Medicine, Fitchburg, WI) (25, 26) . The AIP algorithm makes use of Pinnacle's scripting language. It efficiently and automatically generates IMRT or VMAT plans by performing the following steps.
1. Planning structure generations-A set of planning structures is generated based on the physician-drawn PTV, OARs and normal tissue in order to facilitate the inverse planning. A brief description to each structure is listed in table 2. In addition to the basic structures, AIP creates two ring structures, FS-PTVRing and FS-Ring, which help to shape the isodose distribution and to reduce the appearance of hot spots in the corresponding areas.
2.
Initial objective function setup-An initial set of objective functions, which applies to all prostate IMRT/VMAT patients, were determined based on our previous experience in prostate treatment planning and serves as the starting point of the optimization in AIP. The initial set of objective functions, as shown in table 3, gives tight dose constraints to the OARs and normal tissue but loose constraints to the PTV such that the initial optimization results in a plan with the best OAR sparing.
Objective function parameter optimization (OFPO)-
The flowchart of the OFPO process is shown in Fig.1 . Three to six rounds of optimizations are applied for each patient, depending on the PTV coverage resulted from each round of optimization. Once the PTV D95 exceeds a predefined threshold (D threshold ), OFPO terminates. In each round of optimization after the initial one, the weights of the PTV objectives are increased and optimization will be continued. Hence, a plan with improved PTV coverage and therefore reduced OAR sparing will be resulted. Beyond 3 rounds of optimizations, a copy of each resulted plan will be saved and, finally, 1 to 4 plans will be resulted, each with a different PTV/OAR compromise. An example is shown in Fig.2 . The physician can choose the most preferable plan from them.
Note that the AIP program is not a treatment planning system but rather an inverse planning technique built in conjunction with the Pinnacle 3 treatment planning system. The AIP program utilizes Pinnacle 3 's built-in functions, which include its dose calculation and optimization plug-ins. In this study, all AIP-generated VMAT plans were optimized using the SmartArc module in Pinnacle 3 , which uses an optimization algorithm described by Bzdusek et al. (27) . All AIP-generated IMRT plans in this study were optimized with the direct machine parameter optimization (DMPO) module (28) , which directly optimizes MLC leaf positions and segment weights so that there is no need for fluence conversion and the plan quality will not degrade during delivery. When the same beam configuration is used, the AIP algorithm has been shown to consistently generate plans that are superior or comparable to those developed manually by experienced dosimetrists at our institution (25, 26) .
Planning study design
For each patient, the clinically utilized IMRT plan, which was generated by an experienced dosimetrist at our institution prior to this study, was used as the reference plan. These plans utilized an 8-beam configuration, standard for prostate cancer treatment in our institution.
In this study, we generated a VMAT plan using the AIP algorithm for each patient. The AIP-generated VMAT plans used two 360° arcs (one rotating clockwise and the other rotating counter-clockwise), which produces better plan quality than using a single 360° arc. A comparison between using 1 and 2 arcs can be found in the Discussions section. A total of 91 control points were created through each arc using 4° spacing, which is Pinnacle's default value and exhibited good dose calculation accuracy (29) . We have found that a denser spacing of 2° is not necessary because it brings little improvement in plan quality but much prolonged optimization time. All VMAT plans were generated with variable dose rate as well as variable gantry rotation speed.
Also, we generated a series of IMRT plans using 8, 12, 16, 20, and 24 beam angles with the AIP algorithm for each patient. The 8-beam configuration used our institution's standard template. For the 12-, 16-, 20-, and 24-beam IMRT configurations, beam angles were more densely selected near the tangent direction along the intersection between the rectum and the PTV and sparsely selected at other directions. Such a beam angle distribution produces a sharp dose fall-off at the rectum. Selected beam angles varied among patients, but most of the beams angles were the same. For the 24-beam IMRT plans, however, uniformly distributed beam angles were found to yield a better plan quality than beam angles selected using the approach mentioned above. Therefore, we used a uniform beam angle distribution for the 24-beam IMRT plans. In our study, an AIP-generated plan with a higher number of beams was not simply calculated from the same set of objectives as the other plans nor was it built upon the plan with a lower number of beams. Instead, the AIP algorithm was executed independently for each beam configuration, which resulted in a different set of objective parameters. Of the generated IMRT plans with different PTV/OAR compromises after each AIP execution, we selected the IMRT plan that had the same level of PTV coverage as the clinical IMRT plan to directly compare OAR sparing among the plans.
More details on the inverse planning parameter settings for IMRT and VMAT are listed in table 4. The maximum number of segments for IMRT and the maximum delivery time in seconds for VMAT were both set to 100 because further increasing the limits does not help to improve the plan quality. All IMRT plans in this study used the step-and-shoot technique and all plans deliver 6-MV photons.
Plan evaluation
PTV coverage was evaluated using the conformality index (CI) and the heterogeneity index (HI), which were calculated as follows (30): where is the target volume covered by the prescribed dose, TV is the target volume, and is the volume enclosed by the prescribed isodose surface and where D 1 and D 95 are, respectively, the dose encompassing 1% and 95% of the target volume.
The IMRT and VMAT plans were evaluated using dose-volume histograms (DVHs). To quantitatively measure the OAR sparing of each plan, we calculated the mean OAR volume within the 30-, 40-, 50-, 60-, and 70-Gy isodose lines and the average mean dose to the rectum and the bladder. The total MUs per fraction were also compared to assess the delivery time for each plan. Statistical analysis was performed using the two-sided paired ttest. A p-value <=0.05 was defined as statistically significant.
RESULTS
All of the AIP-generated IMRT and VMAT plans were reviewed by a radiation oncologist (A. K. Lee, MD) and were considered as acceptable for patient treatment. All the AIPgenerated plans in this study achieved a similar level of PTV coverage as the 8-beam clinical IMRT plans previously generated by experienced dosimetrists. The average CI and HI values for the 11 patients for each category of plans are similar, as shown in Fig.3 .
We summarized the number of patients whose IMRT plan in each category achieved better rectum sparing than their VMAT plan. As shown in Fig.4 , no patients received better rectum sparing from their 8-beam clinical or AIP-generated IMRT plans than from their VMAT plans. For one patient, the 12-beam IMRT plan achieved better rectum sparing (14% lower mean rectal dose, 15% less volume receiving 0-30Gy dose and only 1% larger volume receiving 40-70Gy dose) than the VMAT plan. The number of patients keeps increasing with the number of beams in the IMRT plans. All patients received better rectum sparing from their 24-beam IMRT plan than from their VMAT plan. Fig.5 and Fig.6 depict quantitative dose-volume measures in the rectum and bladder from the IMRT and VMAT plans that had a similar level of PTV coverage. In general, the 8-beam AIP-generated IMRT plans had similar rectum and bladder sparing to the 8-beam clinical IMRT plans but inferior to that of the AIP-generated VMAT plans. As the number of beams used in IMRT increased, the level of rectum sparing achieved by these plans improved, eventually reaching a level similar to that of the VMAT plans. Table 5 shows the p values for the differences between doses delivered by the VMAT plans and those delivered by the various IMRT plans. For all the dosimetric indices in the rectum, the VMAT plans had a highly significant advantage (p < 0.0001) over the 8-beam clinical and AIP-generated IMRT plans. However, as more beams were included in the IMRT plans, the dosimetric advantage of the VMAT plans became less significant because the IMRT plan qualities were improved. For all the dosimetric indices in the bladder, the VMAT plans and the AIP-generated 8-beam IMRT plans were, on average, better or at least no worse than the 8-beam clinical IMRT plans. Although the trend for each individual patient was not as clear as in the rectum, dose levels in the bladder were well within the standard dose constraints (24) in all plans generated in this study. Fig.7 shows the DVHs of a typical patient. The PTV received similar coverage from each type of plan. The rectum received a much lower dose from the VMAT plan than from the 8-beam IMRT plans. However, as the number of beams in IMRT increases, the rectum dose from the IMRT plan decreases. In the 20-beam AIP-generated IMRT plan, the rectum DVH was only slightly higher than that of the VMAT plan in the mid-dose region, but it was superior to that of the VMAT plan in both the low-and high-dose regions. The 24-beam AIP-generated IMRT plan was almost identical to the 20-beam AIP-generated IMRT plan.
For the patient presented in Fig.7 , note the change in the total number of control points of each plan. In the case of the 16-beam AIP-generated IMRT plan, the total number of control points was 210 (9-19 control points from each beam direction), which was 15% higher than that of the VMAT plan (182), but the level of rectum sparing from this IMRT plan did not reach the same level as that from the VMAT plan. In the case of the 20-beam AIP-generated IMRT plan, the total number of control points was 238 (7-19 control points from each beam direction), which compensated for the missing beam angles and resulted in the same level of rectum sparing as the VMAT plan. Fig.8 shows the isodose distributions from the different types of plans for a typical patient whose IMRT plan required 24 beams to be comparable to the VMAT plan in terms of rectum sparing. Although the 24-beam IMRT and the VMAT plans delivered a higher dose to the femoral heads than the 8-beam clinical IMRT plan, they are both well within the standard dose constraints for femoral heads (V50 less than 10% (24)).
The comparison of the total MUs used in each plan showed that the average total MU usage increased significantly as the number of beams used in IMRT increased. The AIP-generated VMAT plans used about 30% more total MUs than the 8-beam clinical and AIP-generated IMRT plans, but only about 4% more total MUs than the 24-beam AIP-generated IMRT plans (Fig.9) . The delivery time for a typical VMAT plan was 2.6 minutes; the delivery times for 8-, 12-, 16-, 20-, and 24-beam IMRT plans were respectively 4.7, 7, 9.3, 11.7, and 14 minutes, which included the beam-on time and loading time of each beam.
DISCUSSION
In this study, we compared the quality of VMAT plans to that of a series of IMRT plans using increasing numbers of beams. We showed that the AIP-generated VMAT plans resulted in significantly better rectum sparing than the IMRT plans using the standard 8-beam configuration currently being utilized at our institution. When more gantry angles were added to the IMRT plans, we found that the VMAT plan quality was still consistently better until the number of beams in IMRT reached 12-16 beams. At this point, which varied among the patients examined, the IMRT plan quality became similar to or slightly better than that of VMAT. Beyond this point, the plan quality of IMRT does not improve noticeably further even if more beams are used. This indicates that, for prostate cancer, the plan quality of VMAT is a limit to which the plan quality of IMRT converges as increasing numbers of beams are used.
From another perspective, our results demonstrate that the difference in the plan quality of VMAT and IMRT is due to the difference in the number of beam angles and the level of modulation from each angle used in the two modalities. Our results show that having a large number of beam angles but few modulations (control points) from each angle is superior (in terms of plan quality) to having many modulations from each angle but a small number of beam angles. However, a large number of modulations from many beam angles in IMRT may compensate for the insufficient number of beams and produce a plan quality similar to that of VMAT, when the number of beams in IMRT is sufficiently large.
Because our in-house AIP algorithm was developed to generate treatment plans with optimal plan quality, all the AIP-generated plans in this study have the best quality that we can achieve, which enabled us to perform a fair comparison of the two modalities. We applied a quality control (QC) method recently published by Moore et al. (31) in evaluating the quality of plans involved in this study. It was found that the rectum dose measured from the AIP-generated plans is consistently close to the "best organ sparing" predicted by the QC model presented in the paper. The relative model excess, which gives the normalized difference between measured and predicted dose, obtained from our AIP-generated 8-field IMRT plans ranges from −0.2 to 0.22Gy, which is within the expected range for plans after applying the QC procedure (-0.8 to 0.22Gy). The clinically treated IMRT plans have also resulted in a similar range. This result shows that both the clinical and the AIP-generated IMRT plans have achieved similar level of rectum sparing as the well-quality-controlled plans. For IMRT plans with a larger number of beams, the algorithm optimizes the plan in the same way as it does for 8-field IMRT so that we expect it to generate the same high level of plan quality for these beam configurations.
The AIP-generated VMAT plans generated in this study resulted in considerably higher MU usage than the 8-beam IMRT plans, which is inconsistent with the results reported by other groups, who have found that VMAT plans usually reduce MU usage compared to IMRT plans (3, 10, 12, 13, 16, 17) . For studies conducted in the Varian planning system (3, 16) , the significant reduction in MU usage of VMAT probably comes from the difference in the optimization algorithms used for VMAT and IMRT. Comparing to studies conducted in Pinnacle (12, 13) , the discrepancy may be due to the fact that, in the AIP algorithm, we focused exclusively on improving the plan quality, especially by reducing the rectum dose, so that achievable optimal plans were generated but not plans with higher delivery efficiency or lower MU usage. We believe that the higher MU usage resulting from our plans is a consequence of their highly conformal dose distributions and their superior OAR sparing.
To confirm this, we manually designed a VMAT plan for one patient using a set of objectives that has loose dose constraints for the rectum and bladder compared to those used in the AIP algorithm. This manual VMAT plan resulted in dramatically reduced MU usage (363 MU) compared to that of the corresponding AIP-generated VMAT plan (1038 MU), but it also resulted in inferior OAR sparing (Fig.10) . As far as delivery time is concerned, the 1038-MU plan took only 10% longer to deliver than the 363-MU plan. Admittedly, higher MU has its drawbacks such as the potential increase in total body dose because of scattering and leakage from MLCs (32) . Therefore, in future improvement of the AIP algorithm, efforts will be spent on reducing the MU usage while maintaining the plan quality.
All the VMAT plans generated in this study used two 360° arcs instead of one 360° arc because we found that dual-arc is superior to single-arc in terms of the compromise between plan quality and delivery efficiency. Fig.11 shows the typical DVH plots of a single-arc and a dual-arc VMAT plan. Dual-arc produced better rectum and bladder sparing than singlearc. In fact, dual-arc VMAT plans typically used less than 15% more total MUs than singlearc VMAT plans. Therefore, in this study we used dual-arc VMAT plans for the comparison with IMRT.
The effect of the number of beams on plan quality has been previously studied by Pirzkall et al., using a completely different approach from ours, who found that less than 9 beams may result in increased dose in regions far away from the target. In their work, all IMRT plans were generated "using the same dose-volume constraints" (33) . In contrast, every plan in our study was generated completely independently from other plans, as described in the Methods section. Specifically, the objective function parameters of every plan were optimized for each beam angle configuration, ensuring a high plan quality of each case.
This work also suggests the effectiveness of the AIP algorithm for prostate cancer treatment planning. For the few manually-designed clinical VMAT plans that were available in our institution, the AIP-generated VMAT plans produced at least a comparable plan quality. The AIP algorithm also consistently produced IMRT plans that were comparable, if not superior, to the dosimetrists' manual IMRT plans with the same beam angle configurations for all patients that were examined.
One might argue that IMRT with a large number of beams (> 8) is not clinically practical considering its lower delivery efficiency. In this study, we chose to use IMRT with a larger number of fields to obtain a better understanding of the capability of IMRT and the differences between IMRT and VMAT plan quality. Furthermore, novel technologies that enable the more efficient delivery of fixed-field IMRT, such as the one used in the TrueBeam system (Varian Medical Systems, Palo Alto, California), and continuing improvements in IMRT delivery techniques will make it possible to deliver IMRT plans with a large number of beams more efficiently in the near future, so we must continue to expand our understanding of this modality.
CONCLUSION
We have demonstrated that the VMAT technique combined with our in-house AIP algorithm generates significantly superior plans compared to the 8-beam clinical IMRT plans used for prostate cancer treatment at our institution. For IMRT plan quality to be improved such that it is comparable to that of an optimized VMAT plan, a sufficiently large number of beams has to be used. However, this would come at the expense of even longer dose delivery, increased treatment times (leading to increased intra-fractional motion) and higher economic cost. Considering the superior delivery efficiency of VMAT and the fact that the optimized VMAT plan quality in terms of both DVH and conformality of dose distribution well exceeds that of clinical IMRT plans, VMAT may be the preferred modality for treating prostate cancer. Flowchart of the OFPA algorithm for prostate IMRT and VMAT, where i is the index of the optimization cycle, which has an upper limit of 6. D threshold and f weight are arbitrarily chosen to be 76.4 Gy and 5, respectively, based on experience. Dose-volume histograms of three plans resulted from one AIP execution with different trade-offs between PTV coverage and rectum sparing. Average PTV conformality index and heterogeneity index values for the 11 patients for each type of plan. Number of patients who received better rectum sparing from each type of IMRT plan than from their VMAT plan. Dose-volume histograms of the PTV, rectum, and bladder from IMRT plans with different numbers of beams and the AIP-generated VMAT plan for a typical patient. The numbers in parentheses in the legend give the total number of control points for each plan. Dose distributions represented by isodose lines from the 8-beam clinical and AIP-generated IMRT plans, the 24-beam AIP-generated IMRT plan, and the AIP-generated VMAT plan. Average total MUs of the 11 patients. DVH curves from two VMAT plans with different MUs. Dose-volume histograms of the PTV, rectum, and bladder from the single-and dual-arc VMAT plans for a typical patient. Planning structures used in the AIP algorithm for IMRT and VMAT. Initial inverse planning objectives that are loaded into the Pinnacle treatment planning system for prostate cancer. 
